This paper presents a slope-adapted sample-tilting method for the profile measurement of microstructures with steep surfaces. Distinct from the traditional scanning method that has the restriction of a maximum detectable angle, this method corrects the sample-stylus relative angle during the measurement of the steep surface to eliminate the profile deviation and the scanning blind region. The performance of the proposed method was verified by simulations that measured the surface profiles of a trapezoidal microstructure and a spherical microstructure, finding maximum errors of 0.15 m and 1.71 m, respectively, compared to 3.63 m and 7.85 m using the traditional scanning method. The proposed method enables accurate profile measurement and quality control of microstructures with steep surfaces.
Introduction
Precision microstructures with steep surfaces are widely used in precision industries and have recently become a trend in new generation manufacturing technology [1] [2] [3] [4] . Such microstructures, as shown in Figure 1 (a), including microlenses employed by Shack-Hartmann wavefront sensors, microprisms of a light guide plate in solar energy systems, and microgrooves in aerospace micropropulsion engines, typically have critical dimensions from several to several hundred microns and a maximum local slope of up to 90 degrees [5] [6] [7] [8] [9] . Accurate profile measurement is important because the geometric quality of the microstructure surfaces dominates the working performance of microstructure-based devices. The main difficulty in profiling microstructures with steep surfaces lies in the maximum detectable angle of the profiling system. In a stylus-based profiling system with a maximum detectable angle of 45 or 60 degrees [4, 10] , the probing point tapers from the stylus tip to its flanks, resulting in the profile deviations shown in Figure 1 (b) . Using an optical profiling system, such as an autofocus profilometer or interferometer, with a maximum detectable angle of 15 or 30 degrees, it is difficult to achieve a useful reflection signal from the steep surface [4, 11] .
Over the years, work has been conducted to resolve this issue. Ju et al. developed a novel scanning tunneling microscope to measure the surface profile of a microstructure with a 90-degree steep sidewall [12, 13] . Marinello et al. combined the methods of controlled tilting and image processing to increase the maximum detectable slope of an optical profiler [14] . Cho et al. built a three-dimensional atomic force microscope (AFM) to measure the surface roughness of undercut and sidewall structures [15] . Pan et al. proposed a stitching double-tilt image method to measure sub-50 nm line widths employing an AFM system [16] . The above approaches manually tilt the sample and measure the sample repeatedly under different tilt angles, and the entire surface profile is reconstructed by a data fusion algorithm. However, the measurement process is time consuming, and the measurement errors introduced by the manual sampletilting and the data fusion algorithm are too strong to be eliminated by compensation. Henselmans et al. designed a noncontact measurement machine to scan the surface profile of freeform optics [17] , and Weckenmann et al. proposed a sensor tilting method to enhance the measurement capability of microstructures [18, 19] . These two methods appropriately tilt the probing sensor when scanning a steep surface. However, as the lateral resolution of the employed probes is limited to the order of hundred microns, the application is unable to measure microstructures profiles with critical dimensions from several to several hundred microns. Although many measurement systems and methods have been established for the profile measurement of microstructures with steep surfaces [11, [20] [21] [22] [23] [24] , a rapid, simple, and cost-effective measurement method is desired. This paper presents a slope-adapted sample-tilting method for the profile measurement of microstructures with steep surfaces. First, a novel stylus-based profiling system that implements the proposed method is reported. Relevant theoretical work that underlies the realization of the system is described, including the principle of the proposed method and strategies to control the planar scanner and to tilt the sample. Simulations of the profiling of the steep surfaces of two microstructures were then carried out to verify the feasibility of the proposed method.
Measurement System and Slope-Adapted
Sample-Tilting Method Figure 2 shows the schematic of the stylus-based profiling system designed to implement the proposed method. The system consists of a displacement sensor with a microstylus as a -direction scanner, an motorized driven stage for planar scanning, and a rotating spindle to adjust the samplestylus relative angle. The system has a solid base plate and a bridge, both made of granite. The entire system is located on a vibration isolation table, so that the measurement would not be affected by external vibrations. The displacement sensor, which measures the axial motion of the microstylus in the -direction, is installed on the granite bridge by manual stages. The motorized driven stage with a sample is mounted on the center of the spindle rotary table. The surfaces of the motorized driven stage and the turntable are set parallel and perpendicular to the vibration-isolation table surface, respectively.
As shown in Figure 3 , the slope-adapted sample-tilting method adjusts the sample-stylus relative angle during surface profile measurement. This method enables the contact point to stay at the stylus tip and makes the profile measurement fulfill the requirement of the maximum detectable angle of the system, thereby eliminating the profile deviation.
Before measurement, the offset error of the sensor axis and the zero point error of the sensor output should be calibrated by testing a master cylinder [23] . After the calibration, the sensor output is the distance from the radius center of the stylus tip to the rotation axis of the spindle. As shown in Figure 4 (a), the profile represented by the scanning results,
, is an envelope of the sample surface with a distance , which is the tip radius of the stylus. The scanning results, , are expressed as where − is obtained from the motorized driven stage and − is the output of the displacement sensor. The profile measurement starts from a flat part of the sample surface, and the scanning interval along thedirection is assumed to be Δ . After a few points were measured, the local slope, , is detected for the current measuring point . Then, is compared with the maximum detectable angle denoted by . Generally, is determined by the included angle of the stylus flank. In some cases, it is desired that be smaller than this value, such as twothirds of , to avoid the phenomenon of stylus jumping. If is in the one degree tolerance range of , it is reasonable to conclude that the contact point, , moved to the stylus flank. In this case, point , which was calculated by a stylus radius correction algorithm, would deviate from the real sample surface, as shown in Figure 4(b) . As is used in the measurement to represent the sample surface, profile distortion would be generated. In this case, the motorized driven stage with the sample would be tilted by the spindle at a preset step angle . is set to be positive along the anticlockwise direction and negative along the clockwise direction. The previous scanning results, therefore, follow the rotation, and their updated coordinates can be recalculated by After the rotation, the current measuring point, , is not located at the ideal position where the -coordinate is zero, which was shown in Figure 4 
The total rotation angle of the spindle until this point is denoted by ] , which is the cumulative sum of . The displacement of the motorized driven stage is denoted by Δ and derived from
After the position of along the -direction is corrected, can be measured and the local slope is detected again. The sample-tilting process is repeated until the local slope is smaller than . If meets the requirement relative to , the surface scanning turns to +1 , and the moving distance of the motorized stage is expressed as
It should be noted that the cumulative rotation angle of the sample-tilting is limited by the maximum rotation angle Journal of Nanomaterials 5 of the spindle, denoted by , which is manually set according to the motion error of the spindle.
After the surface scanning is finished, the orientation of the scanning results can be transformed to its initial state by
where ] is the total rotation angle after the last point is measured and is the number of sampling points.
As shown in Figure 4 (d), the scanning result is an envelope of the sample surface. A stylus tip radius correction algorithm based on a first-order linear fitting method was used to eliminate the error introduced by the flank of the stylus tip. Assume that , which is obtained by the first-order linear fitting method, is the slope of each point . The contact point , the measurement results to represent the sample surface, can be obtained from
In (7), the range of is from − /2 to + /2, and if is equal to or greater than zero, the coefficient is 1; otherwise, it is −1. 
Simulation Method of the Surface Profile Measurement
To verify the feasibility of the proposed method, MATLAB was used to carry out the surface profile measurement of microstructures with steep surfaces. The surfaces of the employed stylus and the microstructure under test are dispersed to be point clouds with equal intervals in thedirection. The motion of the stylus is simulated by modifying its -coordinates. Therefore, the variation of thecoordinates is the output of the displacement sensor. Similarly, the motion of the motorized driven stage is carried out by changing the -coordinates of the microstructure. The sample-tilting and data processing are carried by the method described in the previous section. In a traditional profiling method, the motions of the stylus and the motorized driven stage are used to construct the surface profile of the sample. The proposed method employs a spindle to adjust the samplestylus relative angle. Therefore, the remaining issue is how to simulate the physical contact between the stylus tip and the sample surface. Figure 5 illuminates the method to detect the contact point between the stylus flank and the sample surface. When measuring a steep surface, the stylus moves depending on the variation of the surface profile of the sample under test. The contact position is not located at the current detecting point but at a point nearby. In the simulation, the stylus tip is first moved a distance, which is denoted by , to . The collision area is then detected by comparing the -coordinates of the stylus and the sample. The point where the difference in thecoordinates has a maximum value is the correct contact point , and the maximum difference is denoted by . Next, the stylus draws back by a distance , and the correct contact point can be determined. The stylus position denoted by is stored as the output of the displacement sensor and is expressed as
Measurement Simulation and Analysis
Two types of microstructures with steep surfaces were employed to verify the feasibility of the slope-adapted sample-tilting method. The samples were measured twice, using the proposed method and the traditional scanning method, in which the relative direction of the sensing axis of the probing system to the measurement sample surface is unchangeable and the maximum detectable angle is limited by the included angle of the employed stylus [13] , to demonstrate the improved measurement capability on steep surfaces.
A trapezoidal microstructure with a maximum local slope of up to 60 degrees was measured first. The height of the microstructure is 8.66 m, and its whole width is 70 m. A diamond-tipped stylus, which is employed in the hardware realization, was introduced into the simulation. The tip radius of the stylus is two micrometers with an included angle of 90 degrees, which means that the maximum detectable angle is 45 degrees. The interval of the surface discretization was set to 0.01 m, and the scanning interval was set to 0.1 m. The maximum sample-stylus relative angle was set to 30 degrees, which is 2/3 of the maximum detectable angle, 45 degrees. No maximum rotation angle of the spindle was set, to research the motion feature of the rotating spindle. In addition, the step-angle of the sample-tilting was set to be one degree. Figure 6 shows the measurement results of the trapezoidal microstructure. Profiles before and after the stylus tip radius correction are plotted. As shown in the figure, the measurement result of the proposed method is much more accurate than that of the traditional method because it is much closer to the real surface of the sample. In contrast, the result of the traditional method shows obvious profile deviation and a blind region on the sample side flanks, where the local slope is up to 60 degrees. The measurement of the proposed method on part "B" exhibits data confusion, which, upon comparing the data on parts "A" and "B, " was determined to result from the stylus tip radius correction algorithm.
The measurement errors shown in Figure 7 were calculated by comparing the -coordinates with the real profile of the sample. As shown in the figure, the measurement error of the traditional method was up to 3.63 m, while that of the proposed method was reduced to 0.15 m. It should be noted that the peak value of 0.33 m in the error curve of the proposed method resulted from the data treatment of the stylus radius correction. Figure 8 shows the sample-tilting Journal of Nanomaterials process. The sample was tilted by a total of 26 degrees in a clockwise direction when measuring the left part of the sample, over the -coordinates range of 5 m to 9 m. When measuring the right part, the sample was tilted by a total of 52 degrees in an anticlockwise direction. It should be mentioned that when measuring a position at ancoordinate of 57.25 m, the sample is rotated by 26 degrees at once.
A spherical microstructure with a radius of 30 m was employed as the secondary sample. In the measurement, the included angle of the stylus was set to 60 degrees, and the maximum sample-stylus relative angle was set to 45 degrees, which is 3/4 of the maximum detectable angle, 60 degrees. The step-angle of the sample-tilting was set to two degrees.
The other parameters were the same as those used in profiling the trapezoid microstructure. Figure 9 displays the measurement results of the spherical microstructure. As shown in the figure, the profiles overlapped with each other over most parts of the sample surface, except for the regions around the two concave corners. This result indicates that the proposed method is able to measure a steep surface even with a local slope of up to 90 degrees. Figure 10 compares the measurement errors of the two methods, which were linked to the left and right -axes, respectively. The maximum error of the traditional method is 7.85 m and that of the proposed method is reduced to 1.71 m. Figure 11 shows the sample-tilting process. The sample was tilted by a total of 42 degrees in the clockwise 8 Journal of Nanomaterials direction when measuring the left part and by a total of 61 degrees in the anticlockwise direction for the right part.
Conclusion
A slope-adapted sample-tilting method has been proposed for the profile measurement of microstructures with steep surfaces. Theoretical work required to realize a system to implement the proposed method has been completed. Profile measurements of trapezoidal and spherical microstructures have been simulated to verify the performance of the developed method. The measurement results reveal that the steep surface of a microstructure can be precisely measured by the developed method.
The future work of this research will focus on analyzing the influence of the spindle motion error and realizing the stylus-based profiling system.
